Abstract Dinarmus basalis Rondani (Hymenoptera: Pteromalidae), an ectoparasitoid of bruchid pests of stored cowpeas (Vigna unguiculata), is a potential biological control agent. We investigated whether grain protectants from Hyptis spicigera and H. suaveolens (Lamiaceae) disturb parasitism and postembryonic growth of the parasitoid. When cowpeas containing bruchid larvae were treated before being placed in the presence of D. basalis females, the rate of parasitism decreased on average up to 24% and 47% in the presence of, respectively, leaf dry powder and essential oils from both plant species. The estimated larval mortality was higher on treated (9.55 to 28.6%) than on non-treated parasitized hosts (2.8%), depending on the plant species and the plant extract tested. Additional larval mortality was higher for essential oil, and for H. suaveolens. An in-depth analysis of the pre-imaginal development in capsules adapted for this purpose showed that without treatment, mortality was recorded only for eggs and the first two larval stages. With treatment, mortality not only significantly increased on eggs but also spanned all other pre-imaginal stages. Pre-imaginal development was also significantly extended in the presence of treatment, depending on the type of extract and dose used. In conclusion, both plant species exert acute toxicity on D. basalis larvae and also act as growth inhibitors. These results provide additional information that enable us to move towards the harmonious use of allelochemical compounds from plants while protecting biocontrol agents from their adverse effects.
Bruchidae) larvae can destroy all the grains within 6 months of storage (Ouédraogo et al. 1996) . Among the control methods, integrated pest management (IPM) appears to be one of the most promising strategies. This approach includes using plant material with insecticidal or repellent properties based on farmers' endogenous practices. However, the IPM context also involves the innovative biological control strategy.
During the past 10 years, using plants with insecticidal or repellent properties was ranked at the top of the planned endogenous bruchid and other storage pest control methods (Boeke et al. 2004; Sanon et al. 2006a; Iskber et al. 2009; Ndomo et al. 2010) . Scientific research on this topic was aimed mainly at developing the most efficient alternatives to chemicals and likely to offset the disadvantages of the exclusive and sometimes unreasonable use of pesticides (Mbata and Brewster 2009; Sanon et al. 2006a; van Huis 1991) . Plant material can produce odors that repel or confuse adult beetles; hence they are likely to prevent the invasion or cause the emigration of treated stocks and can also bear secondary metabolites that may be toxic (Boeke et al. 2004) .
Biological control of C. maculatus by augmentative releases of the larvophagous parasitoid Dinarmus basalis has been investigated in several ecological zones of West Africa (K. Amevoin 1998, Ph.D. thesis, Lome Univ, Togo; Amevoin et al. 2007; Ouédraogo et al. 1996; Sanon et al. 1998) . Previous studies revealed that releases of appropriate numbers of D. basalis adults at the beginning of cowpea storage reduce the pest population by 90% and enable maintenance of the quality of the seeds after 6 months of storage (Sanon et al. 1998) . So far the lack of an appropriate and economically efficient means of mass production of parasitoids does not allow the deployment of any biological control program with D. basalis for C. maculatus control on a large scale. In an ideal situation, plant products could be available to everyone at affordable costs, easily and safely applicable, toxic and repellent only against target organisms (Boeke et al. 2001) . From a conservative biological control program perspective it may therefore be useful to explore all possible effects of plant products on non-target organisms to develop a global IPM strategy. Hyptis spicigera Lam and Hyptis suaveolens L. Poit are two Labiatae species used to control cowpea storage pests (Boeke et al. 2001; Keita et al. 2000; Sanon et al. 2006a, b) . Leaf dry powder and essential oils are known to be toxic towards Callosobruchus maculatus (Ilboudo et al. 2010; Keita et al. 2000; Sanon et al. 2006a ). On the other hand, few data are available on the effects of these plant-based treatments on the natural enemies of pests. Findings from our previous studies (Sanon et al. 2006b ) revealed that D. basalis females are repelled by odors of leaf dry powder and essential oils of H. suaveolens. When given a choice, D. basalis females avoid treated hosts and rather parasitize untreated hosts. However, no information is available regarding a situation of no-choice when parasitoids may be in confined stores with treated hosts. Treated seeds containing hosts may repel the females at a very short distance during the phase of exploration, and limit their ability to find hosts and to parasitize them (Sanon et al. 2006b ). Allelochemical compounds contained in the leaf dry powder and essential oils of these predominant monoand sesquiterpenoid plants (Kini et al. 1993; Onayade et al. 1990; Peerzada 1997; Tchoumbougnang et al. 2005 ) may also inhibit the growth of larvae, as has been observed among many insect pests (Agarwal et al. 2001; Koul 1998) . However, such effects were rarely observed on natural enemies.
In this study we investigated how leaf dry powder and essential oils from both Hyptis plant species could affect, under controlled conditions, the parasitic activity of D. basalis females and the development of the parasitoid offspring. The cowpea seeds, containing host larvae, were treated before being placed in the presence of parasitoid females to determine if their parasitic activity was disturbed and, hence, examine the effects on pre-imaginal growth. The influence of continuous exposure of D. basalis larvae to different doses of leaf dry powder and essential oils on larval mortality and pre-imaginal development was also analyzed.
Materials and methods
Origin of insects and conditions of study The C. maculatus and D. basalis strains used for this study were collected from insects emerging from cowpea seeds harvested late in September 2007 in the region of Ouagadougou in Burkina Faso. Upon emergence, insects were kept in the laboratory with usual rearing methods (Ouédraogo et al. 1996) for at least three generations prior to the tests. Laboratory rearing conditions (33°: 23°C, 12 h: 12 h; 70±10% r. h. with synchronization between the thermoperiod and the photoperiod) were close to those of the zones of origin of the insects. Under such conditions, the C. maculatus L4 larvae used for parasitoid development were obtained 16-18 days after eggs were laid. The average time for D. basalis development ranged from 16 to 17 days.
Plant material Samples of Hyptis spicigera and H. suaveolens were collected late in October, in the central region of Burkina Faso. The aerial parts of the plants were dried at 30°C for 72 h in darkness and crushed in order to obtain a fine powder. Additional plant material was extracted by the hydro-distillation technique during 3 h in a modified Clevenger-type glass apparatus (Craveiro et al. 1976 ). The extracted crude essential oil was stored in hermetically sealed dark glass flasks and kept under refrigeration at 4°C until use without any prior purification. For this experiment we used sublethal doses for bruchids (Sanon et al. 2006a, b) : 5 g and 10 g for leaf dry powder and 5 μl and 10 μl for essential oils.
Consequences of pre-treatment of hosts with leaf dry powder and essential oils on the parasitic ability of D. basalis females and the production of offspring The objective of this experiment was to determine whether D. basalis females, placed in the presence of previously treated hosts, could parasitize these hosts and produce offspring. To obtain adequate hosts for D. basalis development, lots of 200 g of healthy cowpeas were placed into Plexiglas boxes (17×11× 4 cm) in the presence of 50 pairs of C. maculatus adults for 24 h. Two days later, the cowpeas were examined and those bearing one bruchid egg were selected and placed in batches of 50 seeds. These lots were monitored and 16 to 18 days later, C. maculatus L4 larvae or pupae (favorite hosts of D. basalis) were obtained. Each batch of 50 seeds was then placed in a 1-l jar to analyze the D. basalis parasitic activity. In a first experiment five inseminated D. basalis females were placed in each of the ten jars for 24 h without any additional treatment. In a second experiment, the seeds were first treated separately with 10 g of leaf dry powder or 5 μl of essential oil from each plant, for 48 h. The leaf dry powder was poured into the jar and shaken to disperse the powder equally on seeds.
The essential oil was applied by means of a micropipette on a piece of Whatman filter paper (4 cm 2 ) previously glued on the inner side of the jar. Seventy-two hours after the treatment, five D. basalis inseminated females were placed in the jars for 24 h. Preliminary studies had shown that the doses used do not kill the L4 larvae and nymphs of C. maculatus active in seeds nor adult parasitoids 72 h after treatment (Sanon et al. 2006a ). For each experiment, ten replicates were done of each batch of ten jars. The seeds of the first five replications were monitored until the emergence of insects (bruchids and parasitoids) to count the insects emerging in each case. Seeds of the other five replications were moistened and then dissected to count parasitized hosts. Data collected enabled us to first determine the reduction in the rate of parasitism by plant-based treatments by computing the ratio between the number of parasitized hosts in the presence and absence of Hyptis. Then, D. basalis larval mortality rate was estimated based on the ratio of average number of insects emerging in each experimental situation and the average number of parasitized hosts under the same situation.
Effects of continuous exposure of immature stages of D. basalis to leaf dry powder and essential oils from Hyptis on pre-imaginal development In order to examine and track the progress of the pre-imaginal phase, D. basalis development was monitored in capsules similar to those used by Jaloux et al. (2004) . Each capsule has a lower part designed to receive the host for parasitoid development, and an upper part embedded in the lower part and covering the host. C. maculatus L4 larvae, hosts for the parasitoid development, were extracted from the cowpea seeds and poured into the lower part of each capsule. It was then covered by the upper part with three previously drilled holes to allow the parasitoid female to reach its host, and to lay eggs there. Studies by Cortesero et al. (1993) showed that the development of the parasitoids could be accomplished in the capsules without disruption. The prepared capsules were placed for 24 h with 4-day-old D. basalis inseminated females. At the end of this period, the capsules were observed with binocular magnifying glasses to select those with parasitized hosts. These were basically plated under petri dishes (Ø=55 mm) using modeling paste. Then, the dishes were placed in 1-l jars to monitor the parasitoid development. For each plant species, two doses of leaf dry powder (5 and 10 g) and two doses of essential oils (5 and 10 μl) were poured into the jars until the end of the development. An untreated control was also included. In each case, the development was followed for 25 individuals and the experiment was replicated five times. The capsules were observed each day to determine the progress of D. basalis development, from egg to adult. Post-embryonic development includes three larval stages and one pupal stage (Rasplus 1989) . The duration of each individual development was determined with accuracy, and also, when applicable, the stage at which development was interrupted.
Statistical analysis Data were subjected to an ANOVA (SAS, version 8, 2001 ) and when ANOVAs were significant, means were separated by the Student-Newman-Keuls test at the 5% level. For pre-imaginal mortality, square root transformation of data (√x+1) was computed to obtain homogeneity of the variance before ANOVAs.
Results
Parasitism rate and production of offspring When seeds containing bruchid larvae were treated with leaf dry powder or essential oils from both Hyptis plant species, the rates of parasitism by D. basalis females were significantly reduced (P<0.01) ( Table 1) . Pretreatment based on leaf dry powder and essential oils from both plant species significantly reduced the number of D. basalis adults emerging from parasitized hosts (Table 1) . Pre-treatment of the hosts significantly increased mortality among D. basalis immature stages for essential oils but not for leaf dry powder as compared with the control (Table 1) . Within columns, means (±SE) followed by the same letter do not differ significantly according to the Student-Newman-Keuls test at the 5% threshold Effects of continuous exposure of immature stages of D. basalis to leaf dry powder and essential oil from Hyptis plant species on pre-imaginal development Both leaf dry powder and essential oil from Hyptis significantly affected D. basalis larval mortality (P<0.01) and mortality was higher with higher doses (Table 2) . Mortality during D. basalis pre-imaginal development was significantly higher with H. suaveolens than H. spicigera for both essential oils and leaf dry powder. An analysis of the distribution of pre-imaginal mortality showed that mortality affected eggs, first 2 larval stages in control batches but also spanned over L3-pupae when using leaves and dry powder of both plant species (Tables 3, 4) . Mortality also significantly increased in eggs in batches treated with dry powder and essential oils of both species.
Leaf dry powder and essential oil from both plant species significantly increased the duration of D. basalis pre-imaginal development (Tables 5, 6 ).
Discussion
This study showed that pre-treatment of cowpeas containing bruchid larvae, with leaf dry powder or essential oil from both Hyptis plant species using sublethal doses for bruchids, even 72 h prior to placing them with the parasitoid D. basalis, disturbed the capacity of females to parasitize these hosts. Moreover, mortality among immature stages of D. basalis developing on such hosts, and the total preimaginal development duration increased.
Disturbance in the capacity of parasitoid D. basalis to parasitize could be explained by the females' behavior while searching and exploiting the hosts. In a doctoral study (1996, Univ. of Tours) , Gauthier demonstrated that the choice of females to lay eggs or not on a host also depends on the host's quality, which is detected and evaluated during the exploration phase. Since cowpea seeds are able to absorb the volatile compounds from different plant extracts Within columns, non-transformed means (±SE) followed by a common letter do not differ significantly according to the StudentNewman-Keuls test at the 5% threshold *For the L3-pupae the ANOVA was done without the control Within columns, non-transformed means (±SE) followed by the same letter do not differ significantly according to the StudentNewman-Keuls test at the 5% threshold *For the L3-pupae the ANOVA was done without the control Phytoparasitica (2011) 39:215-222 (Rahman and Schmidt 1999; Risha et al. 1990; Sanon et al. 2002) , it is assumed that these volatile compounds then either exert repulsion on females in contact with cowpeas during the host exploration phase, or inhibit female egg-laying during the host quality evaluation, or exercise both effects at the same time. Previous studies, in a choice situation, have shown that sublethal doses of leaf dry powder or H. suaveolens essential oils reduced D. basalis female rates of parasitism and reproductive potential (Sanon et al. 2006b ). Similarly, D. basalis larvae, active on hosts inside seeds soaked in volatile compounds, could have their development disturbed, which can even lead to an unusually high pre-imaginal mortality. Close monitoring of pre-imaginal development in the capsules has confirmed these findings, highlighting an acute toxicity from leaf dry powder and essential oil from both Hyptis plant species on D. basalis pre-imaginal stages. The susceptibility of D. basalis immature stages to Hyptis was different, with greater sensitivity on eggs than on larvae and pupae. Similar results were observed with the pest C. maculatus (Ketoh et al. 2002 (Ketoh et al. , 2005 Sanon et al. 2002) . The higher pre-imaginal mortality induced by leaf dry powder and essential oils of H. suaveolens as compared with H. spicigera, may result from different chemical composition of both plant species extracts (Ilboudo et al. 2010; Tchoumbougnang et al. 2005) . The essential oils from both Hyptis plant species share several compounds (particularly β-caryophyllene, α-and β-pinene). However, 1,8-cineole, the main component of H. suaveolens essential oil (Peerzada 1997) , is highly toxic towards Callosobruchus maculatus adults (Ilboudo et al. 2010) . Interestingly, this component is lacking in H. spicigera essential oil (Kini et al. 1993) . Therefore, 1,8-cineole may have contributed to the higher mortality induced by H. suaveolens.
In all cases, both plant species seem to increase mortality, especially during the last larval stages. This Within columns, means (±SE) followed by a common letter do not differ significantly according to the Student-Newman-Keuls test at the 5% threshold Within columns, means (±SE) followed by a common letter do not differ significantly according to the Student-Newman-Keuls test at the 5% threshold could mean that the effect of the volatile compounds released by the plants accumulated during development, so that an individual that escaped a precise period of development could succumb later. The extension of the pre-imaginal development caused by extracts from both Hyptis species is the result of the disturbances in the development at precise stages without leading to the death of the insect. On the one hand, such disturbances could stem from the antiappetent effects produced by the allelochemical compounds (mainly terpenoids) in the tested plant extracts (Kini et al. 1993; Onayade et al. 1990 ). Such observations were made on larvae of several phytophagous insect species feeding on substrates containing terpenoid compounds (Avilla et al. 2000; Caballero et al. 2001; Isman 2000) . On the other hand, they could also result from an inhibition of the production of some digestive enzymes or enzymes involved in molting, as observed with natural phenolic compounds (Torres et al. 2003) . However, growthinhibiting effects have rarely been observed in parasitoids placed in the presence of insecticidal plant extracts used against their hosts. This study has shown that treatment of cowpeas with extracts from H. spicigera and H. suaveolens could have adverse effects on the reproduction and development of the parasitoid D. basalis. Most of the previous studies have highlighted the acute toxicity of allelochemical compounds on D. basalis adults (Ketoh et al. 2002 (Ketoh et al. , 2005 Sanon et al. 2002) or even their repulsive effects (Sanon et al. 2006b ). To the best of our knowledge, this is the first time that the growth-inhibiting effects of such treatments on the pre-imaginal stages of this parasitoid have been demonstrated. It would be relevant also to determine the induced effects on the behavior and reproduction of insects surviving from these treatments, in order to achieve a better understanding of the issue in a storage situation. Already, the results provide reliable indications which may guide field practitioners in their search for a harmonious and complementary combination of biological control and the use of allelochemical compounds as suggested by Ketoh et al. (2005) . For biological control based on a conservation strategy of parasitoids, it is important that farmers use the plant material in a manner that is effective and that would not greatly affect the parasitoids. In case of augmentative releases of parasitoids, it may be recommended to delay the introduction of parasitoids in a store previously treated with allelochemical compounds. The conditions of such combinations are yet to be defined more precisely.
